We previously identified changes in gene expression in Ageratum conyzoides plant cells inoculated with Agrobacterium tumefaciens by using cDNA-AFLP. Here, we show that a subset of defense-related genes is differentially regulated by an Agrobacterium attachment-deficient mutant. The expression pattern triggered by this mutant is similar to that induced by inoculation with nonpathogenic bacteria. We also observed that the expression level of the defense genes was inversely correlated with the efficiency of transformation by Agrobacterium. We propose that the plant defense system has an important role in controlling infection and transformation and that Agrobacterium may dampen some plant defense responses.
Introduction
Plants apply both specific and general mechanisms to respond to microorganisms that live in close association with them. One of these microorganisms is Agrobacterium tumefaciens, a soil bacterium that is able to infect a broad range of plants by introducing a piece of its Ti plasmid, the T-DNA, into the plant genome [1, 2] . The expression of genes in the T-DNA leads to the synthesis of plant growth regulators, resulting in uncontrolled plant cell division and the disease crown gall [3] . Studies on this process of genetic transformation contributed to fundamental discoveries of signaling exchange between hosts and pathogens, promoted research in plant molecular biology and genetics and generated practical applications in plant biotechnology. Under laboratory conditions, Agrobacterium transformation can be extended to recalcitrant plants [4] [5] [6] , a number of fungi [7] [8] [9] [10] [11] [12] and even human cells [13] . Therefore, the many experimental and biotechnological applications first developed in plants will likely be transferable to a wide variety of other eukaryotes.
Despite the importance of understanding host responses to this natural genetic engineer, studies have traditionally concentrated on the bacterium. The processing and transfer of the T-DNA have been intensively studied and are mediated by a number of Ti plasmidencoded virulence (Vir) proteins, some of which are transferred to the plant, in addition to the T-DNA [14, 15] . A number of recent studies have revealed potential host factors exploited by Agrobacterium in order to achieve transformation [16, 17] . These host factors have been uncovered by identifying Vir protein-interactors [18] [19] [20] [21] [22] [23] [24] or by genetic screens [25] [26] [27] [28] [29] . The study of plantinduced regulatory changes in the bacterium has been very informative [2] , but we do not know how the bacterium and its transferred Vir proteins and T-DNA alter 0378 the expression of plant genes. This knowledge could add important information to our understanding of this interaction.
In our previous studies, we have used cDNA-AFLP to identify changes in gene expression in cell cultures of the highly transformable plant Ageratum conyzoides upon infection with A. tumefaciens [30] . Several of the genes identified are related to plant defenses and we showed that many of these genes are also regulated in response to a general stress caused by inoculation with a non-pathogen. However, a nodulin-like gene was regulated only by Agrobacterium, in line with the close evolutionary relationship between Agrobacterium and rhizobial symbionts [31] . In that study, we only compared a bacteria-free (mock-inoculated) plant cell culture with cells inoculated with non-oncogenic, transfer-competent Agrobacterium. Recently, using different Agrobacterium strains, Veena et al. [32] showed that the transfer of T-DNA and Vir proteins can modulate the expression of plant genes. These authors concluded that transfer of T-DNA or Vir proteins can suppress the expression of some tobacco defense genes. In the present study, we inoculated Ageratum cells with an attachment-deficient mutant, with strains lacking Vir proteins and/or T-DNA and with non-pathogenic Escherichia coli bacteria. We then examined the expression of defense genes in these plant cells and also in cells that had contrasting transformation efficiencies when inoculated with transfer-competent Agrobacterium. The analysis of the resulting data contributes to our understanding of plant responses to Agrobacterium and the role of the plant defense system during this important plant-bacterial interaction.
Materials and methods

Plant and cell cultures conditions and treatments
Ageratum conyzoides [33] and BY-2 cell cultures were maintained as described [30] . Plant cells were inoculated with bacteria as described [30] . Briefly, each 100 ml of plant cells received acetosyringone (AS, 100 lM) and 1 ml of bacterial cells resuspended in plant medium to OD 600 = 1.0. Mock-inoculated controls received AS and 1 ml of plant medium. Whole plants of Arabidopsis thaliana were inoculated by vacuum infiltration [34] and roots were co-cultivated with Agrobacterium [35] . The A. tumefacien strain EHA105(pBISN1) is a nononcogenic hypervirulent strain [36] , harboring a binary plasmid containing a b-glucuronidase (GUS)-intron construct that allows expression in plants but not in bacteria. The GUS gene is under the control of a ''superpromoter'' [37] . Inoculation of Ageratum cells with E. coli DH5a was performed in the same manner as described for Agrobacterium, except that the E. coli cells were grown in LB medium at 37°C without acetosyringone. Agrobacterium transfer-deficient mutant chvB [38] and strains A136 [39] and LBA4404 [40] used in this study belong to the Nester lab collection.
GUS colorimetric (histochemical) analysis
Plant cells were incubated at 37°C for at least 24 h in GUS-staining solution (0.5 mg ml À1 of X-gluc, 10 mM EDTA, 0.5 mM ferricyanide, 0.5 mM ferrocyanide, in 0.1 M phosphate buffer, pH 7.0).
RNA extraction
Total RNA was extracted from Ageratum cells as previously described [30] .
RT-PCR analyses
Equal amounts of RNA were treated with DNAse and cDNA was synthesized using MMLV reverse transcriptase and random hexamers. The cDNA was amplified in a multiplex PCR containing primers specific for the gene of interest (BI397501 left primer: GCAAT-TGAAGAAGGAGTTGGA; right primer: TTCAAA-ATTCATCATGGTTGGA; BI397504 left primer: TTCAGATCAAGAATTGTTTAGTGG; right primer: CCCTGCAGTTCCTTTTAATCTC; and BI397510 left primer: GCCTACGCTAGCAACAATGA; right primer: TAATCCTCCAGGAGCCTGTC) and primers for a constitutive control gene, glycerol 3-phosphate dehydrogenase (left primer: TCACCCATATCAAG-GCTCAG; right primer: GGGTACCTAATCGGGC-AACT). For most RT-PCRs, control samples were carried out consisting of RNA in which all the ingredients for cDNA synthesis were added, except reverse transcriptase. No amplification resulted from these reactions, indicating that our samples were free of DNA contamination. The PCR cycle consisted of: 3 min at 96°C; 30 cycles of: 1 min at 94°C, 1 min at 60°C, 1 min 30 s at 72°C; and one final extension step of 10 min at 72°C.
Results
The
A. conyzoides plant cell culture is highly competent for transformation by A. tumefaciens when compared to other plant tissues and cell cultures
We obtained a cell culture from the plant A. conyzoides which was reported as showing high levels of transient transformation by Agrobacterium when compared to tobacco BY-2 cell cultures [33] . We also compared transient transformation levels in this cell culture, in BY-2 cells and in A. thaliana shoot and root tissue, using the GUS reporter gene system ( Fig. 1) . We confirmed the results of Kanzaki et al. showing that A. conyzoides cells are transformed by Agrobacterium with higher efficiency than BY-2 cells (Fig. 1C) . We also show that roots and shoots of Arabidopsis are transformed with lower efficiency when compared to Ageratum cells. More importantly, because in the present work we inoculated whole plants of Arabidopsis, we show that the location of transiently transformed cells is irregular and unpredictable ( Fig. 1A and B),which complicates sampling for analysis where highly responsive tissues or cells are required. We used the same GUS construct to transform the different species and therefore the higher efficiency of Ageratum when compared to other species was likely not due to a higher level of expression in similar number of transformed cells. We also assayed for GUS expression over time and we observed that Ageratum always showed signs of GUS expression earlier and in a higher number of cells than in other systems, confirming its higher efficiency. We therefore chose to use Ageratum cell cultures in our previous cDNA-AFLP analysis where we identified several genes differentially expressed by inoculation with the non-oncogenic, transfer-competent Agrobacterium strain EHA105(pBISN1) [30] . For the present study, we continue to use Ageratum cell cultures because we wanted to further characterize a subset of genes identified in our previous study. We believe however, that future large-scale studies of plant responses to Agrobacterium should be done in a model system. Therefore, we present the comparison of Ageratum transformation efficiency with model systems in the present work, since this information could be valuable to other scientists. Specifically, our results strongly argue against the use of Arabidopsis tissues for large-scale expression studies and instead, suggest that Arabidopsis cell cultures (which were not available to us when we initiated our studies) may be a more adequate system.
An attachment-deficient Agrobacterium mutant hyper-induces defense-related genes in A. conyzoides
A significant fraction of all the differentially expressed genes identified in our previous study is related to plant defense responses. Three of the genes for which we confirmed the differential expression by RT-PCR appear to be directly related to stress/defense responses, based on their sequence homology to other plant genes. To gain a better understanding of the mechanism by which Agrobacterium induces plant defense responses, we selected those three defense-related genes for further analysis. They encode a starvation-induced ribonuclease (GenBank Accession No. BI397501), a peroxidase (BI397504) and a pathogenesis-related (PR) protein (BI397510). The expression pattern of these genes in Ageratum cells inoculated with different Agrobacterium strains was compared by RT-PCR analysis. We inoculated plant cells with transfer-competent EHA105(p-BISN1) and three transfer-deficient Agrobacterium strains: chvB (an attachment-deficient mutant), A136 (a Ti plasmid cured strain) and LBA4404 (a T-DNA deleted strain). The results were repeated in two independent experiments. Fig. 2 shows that the genes were induced in a similar manner by EHA105(pBISN1), Ti plasmid cured, and T-DNA deleted strains. The same level of induction by EHA105(pBISN1) was observed in our previous study [30] . However, the attachment-deficient strain (chvB) induced this set of defense-related genes to a much higher level when compared to the other strains. This hyper-induction by chvB was not apparent for genes that were not related to defense responses (data not shown). The avirulent strains A136 and LBA4404 are affected only in the Ti plasmid and retain chromosomally encoded attachment functions. Therefore, the hyper-induction is unique to a mutant that is avirulent because it is unable to attach to plant cells. 
Non-pathogenic E. coli cells also hyper-induce Ageratum defense-related genes
In our previous cDNA-AFLP analysis we determined that a number of defense-related genes were induced by Agrobacterium as well as by a general stress such as inoculation with non-pathogenic E. coli. To determine whether the expression levels induced by Agrobacterium and by E. coli were similar, we compared plant cells inoculated with E. coli and with transfer-competent and transfer-deficient strains of Agrobacterium. An RT-PCR analysis with the three selected genes interestingly revealed that inoculation with E. coli resulted in the same hyper-induced level of expression of the defense genes observed for the attachment-deficient strain (Fig. 3) . Therefore, E. coli inoculation induces expression of defense-related genes at higher levels than transfer-competent Agrobacterium and transfer-deficient strains that attach normally to plant cells. Although we did not replicate these RT-PCR experiments for E. coli and the mutants alongside, we strongly believe that these observations are real mainly because of two reasons: a very high level of expression of the defense genes (hyper-induction) was detected in RT-PCR experiments with E. coli alone (not shown), and the phenomenon of hyper-induction is observed for three different genes.
Ageratum conyzoides cell cultures are transformed by Agrobacterium with varying levels of efficiency
Most experiments (54.2%) conducted in Ageratum cells inoculated with Agrobacterium strain EHA105 (pBISN1) resulted in efficient transformation, as shown in Fig. 1(c) , where high levels of GUS expression were observed 48 h after inoculation. There were few cases (12.5%) were GUS expression was detected at 48 h but the levels were not as strong as the ones observed in Fig. 1(c) . In a significant percentage (33.3%) of experiments however, GUS expression was either not detected or only weakly detected several days after inoculation with Agrobacterium. The percentage of experiments in each of these categories is presented in Table 1 . Because the plant cell cultures were carefully maintained under constant conditions and transformation experiments were also conducted under strictly standardized procedures, the reasons for these differences in transformation efficiencies are not clear. Even considering this variability in transformation, Ageratum cells were undoubtedly Strong GUS expression (++), weak GUS expression (+), or no GUS expression (À) detected 48 h after inoculation with Agrobacterium.
more efficient than BY-2 cells regarding transformation levels. The majority (approximately >90%) of transformation experiments we conducted with BY-2 cells did not result in any observable transformation and Fig.  1(c) shows one of the best transformation efficiencies we obtained with this cell culture.
Transformation efficiency depends upon the expression status of Ageratum defense-related genes
The above studies allowed us to define two classes of Ageratum cells. The first class had been successfully transformed by Agrobacterium and the second proved recalcitrant in our GUS staining assays. We were intrigued whether differential defense response might account for the difference in susceptibility and therefore sought to exploit our RT-PCR analysis of defense related genes to compare the defense response in susceptible and recalcitrant plant cells. The results of the RT-PCR analysis in Fig. 4 show that the mock-inoculated cells from an unsuccessful (low-GUS) experiment expressed the defense-related genes at a higher level than the mock-inoculated cells from a successful (high-GUS) experiment. In fact, the mock-inoculated cells from the low-GUS experiment expressed these genes at the same levels observed for plant cells inoculated with Agrobacterium. It is important to point out that the plant cells used for mock-inoculated controls and bacterial inoculation were originated from the same flask of cells and were treated identically. Therefore, we believe that whatever the state of gene expression in the mock control, that same state was also represented in the Agrobacterium-treated cells before inoculation.
Although we cannot rule out that the same factors could have caused increased defense gene expression and decreased transformation, we propose that one cause for the low-GUS experiments may be a heightened state of resistance in the plant cells before the transformation experiments were conducted. The reasons for this heightened state of defense are unknown, but may have been caused by subtle changes in temperature or other cell culture conditions that we could not control. Whatever the reasons, this state apparently resulted in resistance to Agrobacterium transformation.
Discussion
By comparing the transient transformation levels of A. conyzoides cell cultures and A. thaliana whole plants and root tissues, we have shown that competence for transformation in A. thaliana tissues is highly localized to specific regions and their precise location cannot be predetermined. In contrast, A. conyzoides cell cultures are highly competent for transformation, as seen by their high levels of GUS expression 2 days after inoculation with Agrobacterium. We have previously used the highly transformable A. conyzoides cell cultures to isolate a number of genes differentially expressed upon inoculation with Agrobacterium [30] . To continue these studies and further dissect Ageratum-Agrobacterium interactions, we used RT-PCR analysis and a set of genes identified in our cDNA-AFLP analysis which are related to plant defense responses.
From our experiments with Ageratum cells inoculated with transfer-deficient Agrobacterium mutants and strains, we observed that an attachment-defective mutant hyper-induced the defense-related genes. This raises the intriguing possibility that Agrobacterium can dampen plant defenses in an attachment-dependent manner. Consistent with this, a plant arabinogalactan mutant with reduced bacterial binding, displays enhanced expression of two pathogenesis-related proteins (PR) when challenged with Agrobacterium [29] .
In our studies, other transfer-deficient strains lacking T-DNA or Vir proteins, but attaching normally to plant cells, did not cause hyper-induction of the defenserelated genes and only induced these genes at a comparable level to a transfer-competent strain. These findings contrast with recent results indicating that the transfer of T-DNA and Vir proteins can suppress plant defense-related proteins [32] . It is possible that these discrepancies are due to the use of different plant species and the analysis of different plant transcripts. Interestingly, non-pathogenic E. coli cells, which are unable to attach to plant cells [41] , also caused the hyper-induction of the defense genes, which favors our hypothesis that the attachment of Agrobacterium can specifically dampen plant defense responses. The attachment-deficient mutant we used, chvB, is defective in the production of the exopolysaccharide (EPS) b-1,2 glucan [42] . Interestingly, in Rhizobium, it has long been recognized that EPS-deficient mutants trigger plant defense responses that hinder the establishment of the symbiosis [43] [44] [45] . Since then, it has been proposed that EPS or a related compound can suppress plant defenses, allowing colonization. A similar mechanism could operate in the close relative Agrobacterium, where attachment itself, an EPS compound, or both could suppress plant defense responses, thereby allowing Agrobacterium to colonize a broad range of plants. Notably, this suppression is not complete, since we still observe induction of defenses by wild-type cells of Agrobacterium Probably a balance between suppression and induction of defenses operates in nature. The identity of Agrobacterium inducers of plant defense is not clear. Although flagellin from Agrobacterium lacks inducing activity [46] , a recent study demonstrates an inducer role for elongation factor Tu [47] .
Agrobacterium inoculation experiments on A. conyzoides cells often gave rise to different levels of transformation based on transient GUS assays, even though inoculation and cell culture conditions were apparently kept constant. Interestingly, the cultures that did not transform, expressed defense genes at higher levels, even in the absence of bacterial inoculation, as if they were pre-induced by an unknown mechanism. We conclude that subtle fluctuations in temperature or other conditions that we could not control triggered the induction of defense genes and thus prevented transformation by Agrobacterium. This raises the possibility that the plant defense system could be manipulated, especially in recalcitrant plants, to allow more efficient transformation by Agrobacterium.
To further our understanding of plant cell responses to Agrobacterium and confirm our observations that an increased state of defense limits Agrobacterium infection it would be interesting to compare the global pattern of expression of plant cells that were efficiently transformed with that of cells that were not transformed. A microarray analysis comparing plant cells inoculated with Agrobacterium attachment mutants and other transfer-deficient mutants could also confirm our observations that Agrobacterium attachment to plant cells can suppress defense responses and could identify additional factors from Agrobacterium that alter plant gene expression. Such experiments are in progress.
